The epitaxial growth of crystalline oxides on semiconductors provides a pathway to introduce new functionalities to semiconductor devices. Key to electrically coupling crystalline oxides with semiconductors to realize functional behavior is controlling the manner in which their bands align at interfaces. Here we apply principles of band gap engineering traditionally used at heterojunctions between conventional semiconductors to control the band offset between a single crystalline oxide and a semiconductor. Reactive molecular beam epitaxy is used to realize atomically abrupt and structurally coherent interfaces between SrZr x Ti 1−x O 3 and Ge, in which the band-gap of the former is enhanced with Zr content x. We present structural and electrical characterization of SrZr x Ti 1−x O 3 -Ge heterojunctions for x = 0.2 to 0.75 and demonstrate the band offset can be tuned from type-II to type-I, with the latter being verified using photoemission measurements. The type-I band offset provides a platform to integrate the dielectric, ferroelectric and ferromagnetic functionalities of oxides with semiconducting devices.
ity to act as an electrical platform for coupling oxides to semiconductors, despite being an excellent epitaxial platform. The band alignment between SrTiO 3 and Si, Ge, and GaAs is type-II, namely, the conduction (valence) band of the SrTiO 3 is below the conduction (valence) band of the semiconductor [6] [7] [8] . To couple dielectric, ferroelectric and ferromagnetic properties of oxides with semiconductors, a platform with a type-I band offset in which the conduction (valence) band of the oxide is above (below) the conduction (valence) band of the semiconductor is needed. For example, crystalline SrTiO 3 was extensively explored as a gate dielectric on Si due to the low interface trap densities and high dielectric constant that could be achieved through epitaxial growth 9, 10 . However, the type-II band alignment gave rise to excessive leakage currents that limited the effectiveness of crystalline SrTiO 3
as a gate dielectric 6, 7 . Consequently, the introduction of an intermediary layer of rocksalt structured AeO (Ae = Sr, Ba) between the Si and SrTiO 3 was necessary to reduce charge leakage 9, 11 . Similarly, ferroelectric BaTiO 3 has been epitaxially grown on Si and Ge to explore the development of a non-volatile, ferroelectric field-effect transistor 3, 5 . However, the near alignment of the conduction bands between BaTiO 3 and Si or Ge gives rise to leakage currents that prevent the polarization of the former to maintain accumulation or depletion in the latter 5 .
Thus, controlling band alignments between crystalline oxides and semiconductors is critical to coupling their properties at interfaces. For compound III-V semiconductors, the control of band alignments and band gaps, i.e. band-gap engineering, has led to the de- [10] and (c) [11] and (d) [21] directions.
velopment of a range of device technologies 12 .
Here we apply principles of band-gap engineering, namely, band-gap enhancement through control of stoichiometry, to manipulate the band alignment between a semiconductor and a crystalline perovskite oxide. Reactive oxide molecular beam epitaxy (MBE) is utilized to create heterojunctions between single crystalline SrZr x Ti 1−x O 3 (SZTO) and Ge, in which the band-gap of the former is enhanced through Zr content x 13 . We show that atomically abrupt and structurally coherent interfaces between SZTO and Ge can be achieved through careful control of kinetic and thermodynamic conditions during deposition. A type-I band offset is manifested through current-voltage (I-V ) and capacitance-voltage measurements (C-V ), in which the former shows significantly reduced gate leakage with Zr content, and the latter indicates that inversion on p-type Ge can be achieved. High-resolution core-level and valence band x-ray photoemission spectroscopy measurements verify and quantify the type-I offset that is achieved for high Zr content x. These results demonstrate that band-gap engineering can be exploited to realize functional semiconductor crystalline oxide heterojunctions. SZTO provides a high-κ, perovskite structured electrical platform for the integration of dielectric, ferroelectric and ferromagnetic functionalities of oxides onto semiconductors.
Crystalline SZTO films were grown on p-type Ge (100) wafers (ρ ∼ 0.02 Ωcm) in a custom MBE chamber. Figure 1 shows reflection high energy electron diffraction (RHEED) images obtained at various stages of growth. A half monolayer (ML) of Sr metal was deposited on a clean Ge (100) surface, resulting in the disappearance of the 2 × structure associated with the dimerized Ge surface and the emergence of a more complicated reconstruction shown in Fig.1 (a) . The reconstruction we observe at 0.5 ML Sr coverage is consistent with the 9 × structure observed in previous studies 14 transition layer is less than 1 nm, as shown in Fig.3(b) .
The effect of Zr substitution in SZTO on the band alignment at the interface can be seen in measurements of charge leakage through the heterojunctions. indicating inversion has been achieved. In the absence of a type-I band offset between the oxide and semiconductor, leakage currents would prevent inversion from occuring on p-type substrates. A shift in the flat-band voltage is observed, which we attribute to positive charges in the SZTO that are likely associated with oxygen vacancies, as has been found in related studies 9, 11 . We estimate the dielectric constant of the SZTO to be κ SZT O = 29, based on the capacitance in accumulation at 1 MHz (i.e., 1.7 µFcm −2 ). To quantify the valence band offsets of SZTO on Ge, we have performed high-resolution core-level (CL) and valence band (VB) x-ray photoemission spectroscopy measurements on a x = 0.65 film. We used a combination of CL and VB spectra for thin and thickfilm samples to determine the valence band offset (VBO) 19, 20 Lastly, we make a few remarks on the flexibility of the perovskite structure in enabling band offsets to be engineered at semiconductor -crystalline oxide interfaces. The enhancement of the band-gap and band offset with Zr substitution is accompanied by a concomitant increase in the lattice constant of SZTO, thereby improving the lattice match with Ge, as shown in Fig.2 . Generally, it would be more ideal to be able to tune the offset and lattice constant independently. In this regard, the perovskite structure allows for substitution of both A-and B-site cations. Whereas B-site substitution affects both the band-gap and lattice constant of SZTO, A-site substitution predominantly affects the lattice constant only.
The substitution of Ba (Ca) for Sr could be utilized to increase (decrease) the lattice constant, independent of the Ti to Zr ratio within some regime. Thus, high quality epitaxial films that match well with the semiconducting substrate can, in principle, be achieved for a desired band offset. Future work will focus on exploring this possibility. using monochromatic Al Kα x-rays (hν = 1486.6 eV) and a VG/Scienta SES 3000 electron energy analyzer. All spectra were measured in the normal-emission geometry and with a total energy resolution of 0.5 eV.
Prior to C-V and I-V characterization, both SZTO-Ge and BST-Ge heterojunctions were annealed for 30 minutes at 350 0 C in flowing wet oxygen 26 . As was found in previous studies 27 , low temperature annealing in wet oxygen reduces residual oxygen vacancies. However, this low temperature anneal does not affect the structurally coherent atomic registry at the SZTO and Ge interface (i.e. no GeO 2 formed), as revealed in high resolution transmission electron microscopy images of post-annealed samples 28 . 30 nm thick Ni electrodes ranging in diameter from 20 µm to 270 µm were deposited through a shadow mask using electron beam evaporation. The backsides of the Ge wafers were mechanically scratched and
InGa eutectic was applied to form a counter electrode. The I-V and C-V characterizations were performed on a Micromanipulator 8060 probe station using flexible, 10 micron radii, tungsten probe whiskers. An Agilent 4155C and an Agilent 4284A LCR meter were used for the I-V and C-V measurements, respectively. I-V measurements were performed by ramping the voltage applied to the Ni electrode from 0 to +3 V. A different, junction was used to measure leakage current in the range of 0 to -3 V. The I-V characteristics summarized in Fig.4 were averged over 10 junctions for each film.
